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PWRMany studies have pointed out the interaction between amyloids and membranes, and their potential in-
volvement in amyloid toxicity. Previously, we generated a yeast toxic amyloid mutant (M8) from the harm-
less amyloid protein by changing a few residues of the Prion Forming Domain of HET-s (PFD HET-s218–289)
and clearly demonstrated the complete different behaviors of the non-toxic Wild Type (WT) and toxic amy-
loid (called M8) in terms of ﬁber morphology, aggregation kinetics and secondary structure. In this study, we
compared the interaction of both proteins (WT and M8) with membrane models, as liposomes or supported
bilayers. We ﬁrst demonstrated that the toxic protein (M8) induces a signiﬁcant leakage of liposomes formed
with negatively charged lipids and promotes the formation ofmicrodomains inside the lipid bilayer (as potential
“amyloid raft”), whereas the non-toxic amyloid (WT) only binds to the membrane without further perturba-
tions. The secondary structure of both amyloids interacting with membrane is preserved, but the anti-
symmetric PO2− vibration is strongly shifted in the presence of M8. Secondly, we established that the presence
of membrane models catalyzes the amyloidogenesis of both proteins. Cryo-TEM (cryo‐transmission electron
microscopy) images show the formation of long HET-s ﬁbers attached to liposomes, whereas a large aggregation
of the toxic M8 seems to promote a membrane disruption. This study allows us to conclude that the toxicity of
the M8 mutant could be due to its high propensity to interact and disrupt lipid membranes.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The toxicity of amyloid proteins is a ﬁeld of growing interest, and
indeed in human more than 40 amyloid-linked diseases have already
been identiﬁed (for a review see [1]). Many are neurodegenerative
disorders (e.g. Alzheimer, Prions or Parkinson diseases), but the accu-
mulation of amyloids in other organs or tissues may also have dra-
matic effects as observed in type 2 diabetes. Many proteins are able
to fold or misfold into an amyloid state, which is characterized by
the presence of β-sheet-rich ﬁbrils, ﬁbers of aggregates. These ﬁbrils
have also a cross-beta sheet backbone, displaying a classical 4.7 Å X-
ray diffraction pattern. They demonstrate proteinase resistance and
can be speciﬁcally stained by dyes such as thioﬂavine T or Congo
red, with which they additionally show birefringence under polarized
light. In fact, it is believed that many, if not all proteins are able to un-
dergo the structural transition into amyloid when under the appro-
priate conditions [2,3]. Temperature, pH, surfaces and membrane
composition clearly appear as key factors in triggering folding [4–6].
Not all amyloids are detrimental to their host, and some of themIR, Attenuated Total Reﬂection
Resonance
ecomte).
rights reserved.perform some important functions (for a review [7]), but it is inter-
esting to note that functional or deleterious amyloids may be recog-
nized by structural antibodies raised against toxic intermediates [8].
Therefore the structures of diverse amyloid species are under intense
scrutiny and different hypotheses are developed to explain the toxicity
of amyloids. Presence of monomers [9], intermediates as oligomers
[8,10,11], annular or short/quiescent ﬁbrils [12–14], or formation of
pores and membrane channels [15,16] are the main explanations for
toxicity. But other groups have shown toxicity to be also associated
with mature ﬁbrils [17,18] with a determinant effect of the cross-β-core
size [19].
It is now evident that amyloidogenesis is clearly inﬂuenced by
membranes and affecting their integrity by various means such as de-
tergent, carpeting effects or pore formation (for a review see [20,21]).
Effectively, amyloids may bind [22], insert [23–25], disrupt or damage
membranes resulting in cell dysfunction [26–28]. Membranes can
also be a catalyst of amyloidogenesis [29,30] and the composition or
the charge of membrane lipids may be of particular importance, as
for example the presence of cholesterol, gangliosides or lipid rafts
[31–34]. In contrast, some natural lipids could be inhibitors of ﬁbrilli-
zation increasing incorporation into membranes [35], and some brain
lipids have been shown to resolubilize mature amyloid ﬁbrils into
oligomeric toxic species [36]. In vivo, amyloid may be deposited
intra- or extra-cellularly, and recently it has been demonstrated that
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competing processes with distinct neurotoxic effects [37].
In the last few years, we developed in the yeast Saccharomyces cer-
evisiae amodel of amyloid toxicity based on toxicmutants of the HET-s
prion of Posdospora anserina [38,39]. This amyloid protein fulﬁlls in
the fungus the beneﬁcial function of heterokaryon incompatibility,
which leads to a process of localized cell death to avoid the fusion of
incompatible hyphae [40]. The amyloid part of this prion is the domain
HET-s(218–289) [wild-type (WT)], which is one of the most structurally
studied amyloid with a ﬁber in a characteristic parallel-β-sheet sole-
noid structure [41] (Fig. 1). This domain is not toxic when expressed
in the yeast S. cerevisiae, and we previously generated a toxic mutant
(called theM8mutant) by randommutagenesis [38] (Fig. 1). Thismu-
tant possesses 10 mutations and greatly differs from the WT domain
both biochemically and structurally. M8 is organized in amyloid nano-
ﬁbers with a cross-beta core of antiparallel-β-sheets and presents par-
ticular oligomeric intermediates [42,43]. Screening for yeast genes
involved in M8 toxicity, we demonstrated that M8 toxicity was prob-
ably mediated throughmembranes by strongly interfering with vesic-
ular trafﬁcking in the yeast cells [44]. Preliminary results with
Langmuir lipid monolayers showed that M8 was speciﬁcally interact-
ing at the interface with negatively charged lipids [39,45].
In this study, we went further in our investigations of M8 toxicity,
by elucidating the M8 particular interactions with a lipid bilayer as
membranemodel. We investigated the interaction ofWT andM8 pro-
teins with lipid models as LUVs (Large Unilamellar Vesicles) or sup-
ported bilayers in order to study the relationship between structure
and toxicity of amyloid proteins. Asolectin was chosen to mimic the
composition of the yeast membrane. Other lipids (DOPG, DOPC,
eggPC) were used to evaluate the inﬂuence of the lipid head group
charge on the protein–lipid interaction properties. The combination
of different spectroscopic methods as ﬂuorescence, Plasmon Wave-
guide Resonance spectroscopy (PWR) and Attenuated Total Reﬂec-
tion Fourier Transform Infrared (ATR-FTIR) allowed us to evaluate
the effect of toxic or non-toxic amyloid on membrane. Cryo-TEM im-
ages permitted the visualization of these effects. We neatly showed
that the M8 toxic mutant disrupts the integrity of the membrane,
compared to the non-toxic protein (PFD of HET-s).Fig. 1. WT and toxic M8 mutant are distinct amyloids. A) Amino-acid sequences showing the
zation in TBS buffer pH 7.4, 3 h at 37 °C. C) Structure ofWT ﬁbers by solid-NMR fromWasmer
presented on the central monomer of the WT ﬁber (Chain C PDB: 2NMR). All structures were2. Materials and methods
2.1. Protein puriﬁcations
The C-terminal histidine-tagged HET-s(218–289) constructs (WT
and M8) were puriﬁed as previously described [42]. Sequences are
presented in Fig. 1A and amino acids of WT involved in the 10 muta-
tions of M8 are visualized on Fig. 1D. For renaturation, the proteins
were submitted to gel ﬁltration on Hi-Trap Sephadex G-25 (GE
Healthcare Europe GmbH, Orsay, France) at 4 °C, using 10 mM HCl
pH 2.0 as the eluent. Subsequently, the pH was brought up to 7.4 by
adding PBS 10× (1.37 M NaCl, 26.8 mM KCl, 101.4 mM Na2HPO4,
17.6 mM K2HPO4; MP Biomedicals Europe, Illkirch) at 1× ﬁnal con-
centration or 1× TBS buffer (pH 7.4, 20 mM tris(hydroxymethyl)
aminomethane, 150 mM NaCl). WT and M8 amyloid ﬁbers formed
in TBS buffer are presented in Fig. 1B.
2.2. Chemicals
Soybean asolectin with an approximate phospholipid composition
of phosphatidyl choline (PC), 29%; phosphatidyl ethanolamine (PE),
30%; phosphatidyl inositol (PI), 26%; phosphatidic acid (PA), 14%;
phosphatidylserine (PS), 1% was purchased from Sigma-Aldrich. 1,2-
Dioleoyl-sn-glycero-3-phospho-(10-rac-glycerol) (sodium salt)
(DOPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were
purchased from Avanti Polar Lipids, Inc. Calcein was purchased from
Sigma-Aldrich. Organic solvents of HPLC grade were also purchased
from Aldrich. All other chemicals of the highest purity available were
purchased from Sigma-Aldrich. Ultrapure water with a nominal resis-
tivity of 18 mΩ.cm (Milli-Q, Millipore) was used for all the buffers.
2.3. Liposome preparation
Dry ﬁlms of lipids were prepared from solutions in chloroform:
methanol (4:1, v/v) evaporated under a stream of nitrogen and left
under vacuum for at least 3 h to remove all traces of organic solvent.
The lipid ﬁlm was suspended in either 1× TBS buffer, pH 7.4 or 1×
PBS pH 7.4, and gently vortexed for a few minutes.10 mutations on M8 mutant. B) Morphologies by TEM of both amyloids after polymeri-
et al. [41] (PDB: 2NMR). D) Localization of the amino-acids inWTmutated in M8mutant
produced using PyMOL 1.3 (PyMOL Molecular Graphics System, Schrödinger, LLC).
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polycarbonate membranes (Millipore) with decreasing pore diameter
of 400 nm (3 times), 200 nm (4 times), and 100 nm (5 times). The
sizes of LUV were determined to be around 120 nm by dynamic
light scattering (DynaProi Nanostar, US). The lipid concentration
was calculated by phosphate dosage [46].
Small unilamellar vesicles (SUVs) were obtained by sonifying the
hydrated solution of lipids in TBS buffer using a titanium rod soniﬁer
in an ice-water bath to avoid lipid thermal degradation. The traces of
titanium were then removed by centrifugation (6000 rpm, 2 min).
2.4. Membrane leakage experiment
Calcein-containing LUVs were made using the same protocol, ex-
cept for the hydration buffer of the lipid ﬁlms, which was replaced
with a buffer containing 70 mM calcein in TBS buffer pH 7.4. Free cal-
cein was separated from the calcein-containing LUVs using size-
exclusion column chromatography (Sephadex G-100; Pharmacia)
and elution with 1× TBS buffer. For the assay, the lipid concentration
was set at 30 μM and protein concentration was allowed to vary from
0.2 to 12.5 μM. Fluorescence measurements were made with a POLAR
star Omega microplate reader (BMG Labtech, Champigny-sur-Marne,
France). The standard 96-well microtiter plate was shaken for 9 s, di-
rectly after the addition of all components but not during the mea-
surement. Data were collected every 2.5 min at 25 °C using a
λexcitation at 485 nm and λemission at 540 nm. At the end of the assay,
the complete leakage of LUVs was achieved by adding 1 μL of 10% Tri-
ton X-100 (Sigma) solution. The percentage of calcein release was
calculated according to the following equation : L(t)=(Ft−F0)/Ff
−F0×100, where L(t) is the fraction of dye released (normalized
membrane leakage), Ft is the measured ﬂuorescence intensity at
time t, and F0 and Ff are respectively the ﬂuorescence intensities at
times t=0, and after ﬁnal addition of Triton X-100.
2.5. ATR-FTIR spectroscopy
Infrared spectra were recordedwith a Nicolet 6700 FT-IR spectrom-
eter (Nicolet Instrument,Madison,WI) equippedwith a liquid nitrogen
cooled mercury–cadmium–telluride detector. Lipid bilayers were
formed by the fusion of SUVs onto the ATR germanium crystal. Brieﬂy,
10 μL of 4 mg/mL SUVs lipid solution in TBS bufferwas deposited on the
crystal via the Teﬂon cell at room temperature. After 10–15 min, the
non-adsorbed lipids were rinsed 5 times with 20 μL of TBS buffer.
20 μL of TBS buffer was added in the Teﬂon cell before the polarized s
and p ATR FT-IR spectra were recorded. The polarized spectra were
obtained by using amotorized rotatingwire-grid polarizer. Once the bi-
layerwas formed, the protein asmonomers (WT orM8)was injected in
the solution to reach 7.5 μM. The systems were incubated during
60–90 min at room temperature then the deuterium exchange was
made. The air stream was ﬂowed through a heavy water bath before
reaching the ATR cell. The deuterium exchange of the sample was con-
trolled by the diminution of the signal of H20 (stretching vibration at
3300–3400 cm−1 and bending vibration at ~1640 cm−1) and by the
increase of D20 absorption (stretching vibration at ~2500 cm−1 and
bending vibration at ~1210 cm−1). In order to observe the vibration
of the phosphate groups of the lipidswe recorded also the spectrawith-
out H/D exchange. In this case, the samplewas dried by dried air stream
few minutes just to decrease the volume of the buffer but the sample
was still hydrated. The ATR spectra were recorded at room tempera-
ture. 800 scans at 8 cm−1 resolution were co-added.
2.6. Plasmon waveguide resonance studies
PWR spectra are produced by resonance excitation of conduction
electron oscillations (plasmons) by light from a polarized CW laser
(He–Ne; wavelength of 632.8 and 543.5 nm) incident on the backsurface of a thin metal ﬁlm (Ag) deposited on a glass prism and coat-
ed with a layer of SiO2 [47]. Experiments were performed on a beta
PWR instrument from Proterion Corp. (Piscataway, NJ) that had a
spectral angular resolution of 1 mdeg. PWR spectra, corresponding
to plots of reﬂected light intensity versus incident angle, can be excit-
ed with light whose electric vector is either parallel (s-polarization)
or perpendicular (p-polarization) to the plane of the resonator sur-
face. The sample to be analyzed (a lipid bilayer membrane) was
immobilized on the resonator surface and placed in contact with an
aqueous medium, into which proteins are introduced. The molecules
(such as lipids and proteins) deposited onto the surface plasmon res-
onator change the resonance characteristics of the plasmon formation
and can thereby be detected and characterized. The lipid membrane
was assembled on the prism surface by liposome fusion performed
by depositing a SUV solution (20 μL of a 4 mg/mL SUV solution, pre-
pared as described above) in contact with the silica surface for
20 min. After that the prism was assembled in contact with the Teﬂon
PWR cell that was ﬁlled with TBS buffer and rinsed several times by
ﬂowing buffer through the chamber to remove unbound SUVs. The
spectra were then acquired and spectral shifts with p- and s-
polarization measured to ensure that a lipid membrane was deposit-
ed with the proper orientation. The protein was either injected into
the cell sample compartment containing the cell membrane in an in-
cremental fashion or at a ﬁxed concentration and the spectral evolu-
tion followed in time. The amount of lipid bound proteins is
associated with the resonance shift observed by PWR, the total
amount being the amount of protein added to the chamber. Since
the PWR is only sensitive to the optical properties of material that is
deposited on the resonator surface, there is no interference from the
material that is in the bulk solution. Moreover, the amount of bound
material is much smaller than the total amount of protein present
in the bulk solution, and it is assumed that the bulk material is able
to freely diffuse and equilibrate with the membrane.
2.7. Transmission electron microscopy
Proteins after incubation in 1× TBS were adsorbed 10 min onto
Formvar-coated, carbon-stabilized copper grids (400 mesh) and
washed 3 times with water. Grids were then negatively stained
1 min with 10 μL of freshly prepared 2% uranyl acetate in water,
dried with ﬁlter paper, and examined with a Hitachi H7650 transmis-
sion electron microscope (Hitachi, Krefeld, Germany) at an accelerat-
ing voltage of 80 kV. TEM was performed at the Pôle Imagerie
Electronique of the Bordeaux Imaging Center.
2.8. Cryo-transmission electron microscopy (cryo-TEM)
A 5 μL sample was deposited onto a lacey carbon copper grid (Ted
Pella) placed in the automated device for plunge-freezing (EM GP
Leica) enabling a perfect control of temperature and relative humidity
for experiment performed at 10 °C. The excess of sample was blotted
with ﬁlter paper and the grid was plunged into a liquid ethane bath
cooled and maintained at −183 °C with liquid nitrogen. Specimens
were maintained at a temperature of approximately −170 °C, using
a cryo holder (Gatan, CA, USA) and observed with a FEI Tecnai F20
electron microscope operating at 200 kV. Nominal magniﬁcations
used were 29,000 and 19,000 for M8 andWT observations respective-
ly. Low-dose images were recorded with a 2k×2k USC 1000 slow-
scan CCD camera (Gatan).
3. Results
3.1. Toxic amyloid affects the integrity of the membrane
The kinetics of membrane permeabilization induced byWT andM8
are shown in Fig. 2. Membrane damage was assayed quantitatively by
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Fig. 2. Kinetics of membrane permeabilization induced by WT (left) and M8 (right) at
different concentrations: 0.2 (— —); 2 (——); 5 (• —); 7.5 (—) and 12.5 (• — • —) μM.
Asolectin concentration was 30 μM. The experience temperature was set at 25 °C.
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asolectin LUVs. Various concentrations of proteins were injected as
monomers (pH 2.0) in buffer (Tris, pH 7.4) solution containing
calcein-LUVs of asolectin at 30 μM.At the equilibrium, the toxicM8 am-
yloid caused a maximum leakage of 80% of LUVs for a concentration at
12.5 μM (Fig. 2, right). In comparison, we observed about 60% leakage
caused by WT at the same concentration (Fig. 2, left). At lower protein
concentrations, the permeabilization effect of M8 is also more impor-
tant than that of WT. No lag phase was observed in these interactions
for both proteins. Similar experiments have been done with different
lipids to evaluate the inﬂuence of the polar head group charge of the
lipid. Fig. 3. shows the permeabilization of LUVs of fully negatively
charged LUVs (DOPG), partially negatively charged (asolectin) or neu-
tral LUVs (DOPC) by WT and M8 at 7.5 μM after 90 min. With DOPC
LUVs, no signiﬁcant increase of ﬂuorescence (b10% leakage) was ob-
served whatever the protein used. In contrast, with highly negatively
charged phospholipids (DOPG) M8 induces a signiﬁcant leakage of
the DOPG LUVs to about 80% of the total vesicle content. M8 interacts
preferentially with negatively charged lipid bilayers, as already ob-
served with negatively charged monolayers of phospholipids at the
air–water interface [45].
3.2. Toxic amyloid induced a reorganization of the membrane
PWR experiments were carried out to evaluate the effect ofWT and
M8 on a supported bilayer of asolectin. Upon deposition of asolectin0
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Fig. 3. Permeabilization of various LUVs (DOPG, asolectin and DOPC) induced by 7.5 μM
of WT (gray bar) or M8 (black bar) after 90 min incubation at 25 °C. Lipid concentra-
tion was 30 μM. The maximum leakage, after complete disruption of all vesicles by Tri-
ton, was set to 100%.SUV into the PWR prism, positive shifts in the resonanceminimum po-
sition were observed for both p- and s-polarizations (results not
shown). The shifts were larger for p-polarization (120 mdeg) than s-
polarization (90 mdeg), indicating that the lipids have their long axis
oriented perpendicular to the prism surface (along the p-axis), which
means they are properly oriented. These values are in the same order
of magnitude of those obtained upon formation of a self-assembled
solid-supported lipid bilayer reported on previous PWR studies based
on the Montal–Mueller method, indicating that a bilayer is formed
[47,48]. Protein was added for a ﬁxed concentration (1 μM) to the
PWR cell, and the spectral evolutions as a function of time were moni-
tored (Fig. 4). WT and M8 spectra are clearly distinct for both p and s-
polarization. The magnitude of the spectral shifts induced by the
addition of M8 to the asolectin lipid bilayer was much larger than
those induced by the WT (160 mdeg versus 28 mdeg for p-
polarization and 117 mdeg versus 21 mdeg for s-polarization), but
most interesting are the considerable changes in the spectral shape ob-
served in the case of M8 interaction with asolectin (Fig. 4). We can see
a large decrease in the spectral depth for s-polarization, an increase in
the spectral width, and also a splitting in the resonance minimum in
two overlapping resonances. Such a phenomenon is really dependent
of the charges present at the surface of the lipid bilayer. For DOPC bilay-
er, no variation of the angles was observed (Supplementary material
Fig. 1S). The interaction of M8withmembrane is promoted by the neg-
atively charged lipids [45]. The splitting in the resonance minimum in
two overlapping resonances was already observed in a previous work
when we have prepared a lipid bilayer composed of a mixture of or-
dered and non-ordered lipids (POPC/SM and DOPC/SM), which are
known to form domains in the membrane [49,50]. By comparison, we
can conclude that the M8 protein is inducing a lateral membrane reor-
ganization that leads to the formation of two domains (with different
lipid and/or protein composition) possessing different optical proper-
ties so that they result in the observed spectra split. The size of the
microdomains, which could be assimilated to “amyloid raft”, can be
evaluated from the lateral resolution of the PWR sensor used in this
work. The lateral resolution is in the same magnitude as the propaga-
tion length of the surface plasmon waves and so for this sensor will
be in the μm range [49,50]. The domains formed here are therefore in
the μm range, which also correlates well with the domains observed
for the interaction of M8 with monolayer of asolectin by ellipsometry
that possesses a resolution in the same range [39].
Afﬁnity constants can be obtained by PWR, but they are apparent
ones, as they reﬂect not only the interaction per se but also the protein
and lipid reorganizations thereby induced. Unfortunately, due to the
coexistence of different phenomena, protein self-assembling, interac-
tion with lipids, it was not possible to determine an accurate value of
the afﬁnity constants. Overall, the WT interaction with the mem-
branes produced interactions that occurred in the pico to sub-
picomolar ranges while the mutant M8 produced interactions in the
nanomolar range.
Then, the non-toxic amyloid (WT) seems only to bind on the
membrane, but the toxic amyloid M8, which presents lower afﬁnity
induces clearly the formation of microdomains, like protein patches
in the membrane, which we designed as “protein raft” in lipids.
3.3. Interaction with membrane accelerates the ﬁbrillization
ATR-FTIR spectroscopywas used to investigate the changes in struc-
ture over time during amyloid polymerization with or without the
presence of asolectin LUVs, after air-drying the sample. Fig. 5 shows
the ATR-spectra in the range 1780–1450 cm−1, sensitive to the carbon-
yl vibration of the lipid (asolectin) and the amide I and II vibration of
the proteins (WT and M8). The amide I band recorded was deconvo-
luted into four main structures: random coils (1655 cm−1), β-turns
(1669 cm−1), parallel (1630 cm−1) and antiparallel β-sheets (1624
and 1691 cm−1), as performed in our previous work [43]. As expected,
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Fig. 4. Binding and aggregation of WT (top) and M8 (bottom) on asolectin bilayer. Perpendicular (p) and parallel (s) polarized plasmon waveguide resonance spectra are shown for
an asolectin bilayer alone (curve black circle) and after addition of 1 μM of WT or M8. The p- and s-polarized PWR spectra were recorded at various times after addition until the
equilibrium was reached. The buffer was TBS pH 7.4. The temperature of experience was 25±0.2 °C.
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(main peak at 1655 cm−1; Fig. 5A left), with a predominance of β-
turns, to a mainly parallel β-sheet amyloid conformation, as described
previously [41,43]. After a lag-phase an increase of the parallel β-sheet
organization is observed (Fig. 5A, right) during the process of ﬁbrilliza-
tion. M8 behaved in a very different way. M8 assembled instantly into
antiparallel β-sheets when pH was raised to 7.4, as reﬂected by the
characteristic 1624- and 1692-cm−1 peaks (Fig. 5B right). These contri-
butionswere observed on the ﬁrst spectra after 4 min of drying.We did
not observe any lag phase, as if the monomer was instantly assembled
into mainly antiparallel β-sheets. During M8 ﬁbrillization, we only ob-
served a small change of structure, an increase of the percentage of
amide group organized in antiparallel β-sheets (>10%) at the expense
of the random coils and β-turns. M8was therefore forming a more sta-
ble antiparallel β-sheet conformation.
In the presence of asolectin LUVs, an increase of the kinetic of
ﬁbrillization is observed for both proteins (WT or M8). This is clearly
visually observable at the macroscopic level, just by looking at the
sample in the cuvette (Supplementary material Fig. 2S). No lag-
phase was observed for WT and a rapid parallel β-sheet conformation
was detected (Fig. 5A, right). After 1 h the stable conformation was
observed. Similar increases of the ﬁbrillization kinetics are observed
for M8 in contact with LUVs of asolectin (see Fig. 5B, right) and
after 2 h the conformation of the M8 does not change anymore. The
conformations were similar in the presence or in the absence of
LUVs, WT and M8 are mainly structured in parallel β-sheet and anti-
parallel β-sheets, respectively.
3.4. Toxic amyloid induces the dehydration of the phospholipid head
groups
In the experiments described just before, we dried on the ATR
crystal not only the protein in contact with LUVs but also the ﬁbrilswhich grew in bulk solution. In order to evaluate only the conforma-
tion of the amyloids (WT and M8) interacting with asolectin bilayer,
we designed a new protocol. Lipid bilayers were formed by the fusion
of asolectin SUVs onto the ATR germanium crystal. The dichroic ratios
of the absorbance measured for p or s polarization (Ap/As) of the peak
heights of the νas and νs of CH2 bands were calculated at 1.66 and
1.54, respectively. These values indicate that the bilayer of asolectin
is ﬂuid and well organized on the ATR crystal. The protein was
added and incubated at room temperature. After one to two hours
of incubation, the ATR cell was rinsed lightly with TBS buffer avoiding
the exposure to air and we proceeded to the H/D exchange to facili-
tate the observation of secondary structures. Results are presented
in Fig. 6. After rinsing the protein excess in solution, the presence of
amide I′ for both WT and M8 band on the ATR spectra characterized
the proteins strongly interacting with asolectin bilayer. The WT pro-
tein had a main absorbance at 1631 cm−1 when aggregated in the
presence of asolectin bilayer (Fig. 6A), characteristic of amide group
involved in parallel β- sheets. The secondary structure of the WT is
not modiﬁed by the interaction with asolectin. In a similar way, M8
also presents an identical conformation (antiparallel β-sheets) inter-
acting with asolectin bilayer (Fig. 6B) or not. However, the higher in-
teraction of the toxic mutant M8, compared to WT with asolectin is
revealed by a higher amide I′ band intensity. The absorption band at
about 1583 cm−1 in all spectra could be assigned to the deuterated
arginine and asparagines residues contained in WT (8.3% arginine
and 6.9% asparagine) and in M8 (9.7% arginine and 1.3% asparagine)
sequences [51].
We did similar experiments without the step of H/D exchange at
the end in order to be able to record the ATR-FTIR spectra in the
range 1450–950 cm−1, where the symmetric and anti-symmetric
PO2− vibrations of the lipid are observed. The hydrated anti-
symmetric PO2− vibration of the asolectin bilayer is observed at
1218 cm−1 (Fig. 6B). Amyloid interacting with a bilayer of asolectin
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Fig. 5. Structural changes of WT and M8 during aggregation process without LUVs of asolectin (A) or with LUVs of asolectin (B) followed by ATR-FTIR. Protein/lipid ratio was 7.5 μM/
30 μM. The experiences were carried out in pH 7.4 PBS buffer, 37 °C without agitation.
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(+16 cm−1) than with non-toxic WT (+8 cm−1). The higher wave-
numbers observed reveal a dehydration of the phosphate group due
to the electrostatic interaction with the positive charged residues of
the protein.
To conﬁrm the stronger interaction with negatively charged mem-
branes, we did the similar experiments with zwitterionic (DOPC) bi-
layers. There is a small binding of both proteins as revealed by the
small absorbance of the amide I′ bands (see Supplementary material
Fig. 3S), no variation on the secondary structure of either protein
was observed, similarly with asolectin bilayer. However, the phos-
phate groups of the DOPC bilayer were not affected by the binding
of both proteins, in contrast with the case of asolectin.
The interaction between the mature ﬁber and the bilayer of aso-
lectin were also investigated by introducing mature ﬁbers instead of
monomers. After rinsing no amide I band was observed on the ATR-
FTIR spectra whatever the protein used (WT or M8) (see Supple-
mentary material Fig. 4S). Then, the oligomeric forms are involved
in the interaction.
The ATR-FTIR experiments lead to conclude to a stronger effect
(insertion) of the toxic mutant (M8) on the negatively charged mem-
brane, compared to the non-toxic WT which only binds on the mem-
brane surface, in agreement with the PWR results.
3.5. Difference in the organization of non-toxic amyloid, and toxic
amyloid M8 at liposome surface observed by cryoTEM
CryoTEM observations revealed the organization of ﬁbrils made of
WT or M8 peptides associated with liposomes containing asolectin.After a 10 min incubation of WT peptide with LUVs, at a lipid to pro-
tein ratio of 4 (mol/mol), compact structures containing micron-size
entangled ﬁbers and liposomes were observed (Fig. 7A,C,D). Size
and morphology of these ﬁbrils were similar to HET-s ﬁbrils formed
in the absence of liposomes (Fig. 1B). After 90 min incubation time,
these compact structures were larger and made of extended ﬁbers
with several microns in length revealing a massive ﬁbrillization
(Fig. 7B). Importantly, liposomes were present within the ﬁber entan-
glements and appeared ﬁrmly attached to those ﬁbers (Fig. 7C,D).
Within the compact structures, the WT ﬁbrils forming strait ﬁbers
did not surround large liposomes but instead were attached to the li-
posome at discrete zones without inducing visible distortions of the
lipid membrane. However, smaller liposomes were present along
bundles of ﬁbers and appeared slightly deformed due to their inti-
mate interactions with the ﬁbers (Fig. 7E,F). In addition free lipo-
somes were not observed suggesting that most of liposomes were
recruited during the ﬁbril growth. Moreover, previous data showed
that in bulk solution, complete polymerization was achieved after
more than 2 h indicating that the ﬁbrillization is increased by the
presence of LUVs [43]. Thus all together these observations indicate
that the contact between lipid membrane and ﬁbril was crucial in
the process of ﬁbrillization in agreement with ATR-FTIR experiments.
These contacts could either stabilize or promote the ﬁbril growth.
CryoTEM observations of toxic mutant (M8) mixed with lipo-
somes for 10 min incubation time revealed isolated liposomes or
small aggregates of liposomes entirely surrounded by a layer of pep-
tide densities (Fig. 8A–D). Unlike WT peptide, M8 did not form long
strait ﬁbers but instead assembled into short ﬁbers giving rise to
branched-like structures. For 90 min incubation time, liposome
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Fig. 6. (A) ATR-FTIR spectra of fully H/D exchange WT and M8 in interaction with aso-
lectin bilayers, in the range of the amide I and II vibrations. (B) ATR-FTIR spectra of WT
and M8 in interaction with asolectin bilayers in the range of the phosphate groups vi-
brations. Protein concentration was 7.5 μM. Experiences were made at room tempera-
ture. TBS buffer at pH 7.4 was used.
Fig. 8. Typical cryoTEM images of M8 (panels A–F) after 10 min. (panels A–D) and
90 min. incubation time with LUVs containing asolectin. Stars indicate ring shape M8
organization. Scale bars are for A and E, 500 nm and for B–D and F, 100 nm. Protein
lipid ratio was 7.5 μM/30 μM. Experiences were carried out in PBS buffer at pH 7.4.
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surrounding liposomes as well (Fig. 8E,F). It was likely that the ﬁbers
grew from liposome surfaces and expanded in the bulk. Within these
mesh structures, 5 nm annular features were visible (arrows in
Fig. 8F) probably corresponding to top-views of M8 ﬁbers.Fig. 7. Typical cryo-TEM images of WT (panels A–F) after 10 min. (panels A, C–F) or
90 min. (panel B) incubation time with LUVs containing asolectin. Arrows indicate
large liposomes and stars the smallest and deformed ones. Scale bars are for A and B,
500 nm; for C and D, 200 nm and E and F, 50 nm respectively. Protein lipid ratio was
7.5 μM/30 μM. Experiences were carried out in PBS buffer at pH 7.4.In addition, the lipid bilayer of liposome was hardly visible. It
could be due to the high density of M8 peptides at the liposome sur-
face or to tight interactions with the lipid membrane. Thus peptide
organization at the liposome surface could likely induce partial mem-
brane disruption or pores.
4. Discussion
In a previous work, we generated a yeast toxic mutant (M8) of the
harmless amyloid protein by changing a few residues of the PFD of
HET-s (HET-s218–289, WT). The M8 mutant showed a high toxicity re-
ducing considerably the growth of the yeast cell [38]. Our interest is
to understand: what are the main parameters which generate this
toxicity. According to the literature, several hypotheses can be pro-
posed as the role of the “intermediates” from oligomers to protoﬁla-
ments in the destabilization of the membrane. Recently we clearly
demonstrated the complete different behaviors of the non-toxic
(WT) and toxic amyloids (M8) in terms of mature ﬁber morphology,
aggregation kinetics and secondary structure [42,43]. Mature WT am-
yloid exhibits a long ﬁber, with an organization in parallel β-sheet,
whereas the toxic M8 presents usually very short unbranched ﬁbers,
as observed on transmission electronic microscopy (Fig. 1B), with
an antiparallel β-sheet organization. M8 shows all the characteristics
of an amyloid protein, but deﬁnitely has a different morphology and a
secondary structure, when compared to WT. To investigate the inter-
action with membrane we ﬁrst studied by ellipsometry and PMIRRAS
spectroscopy the interactions of both proteins with phospholipids
monolayers at air–water interface [45]. We demonstrated that the in-
teraction was governed by electrostatic interaction between positive-
ly charged proteins and the negatively charged phospholipids.
Different morphologies at the air–water interface were observed by
ellipsometry leading to conclude that the toxic mutant M8 induced
a large perturbation of the phospholipid monolayers [45]. Then in
this study, we performed in vitro experiments using lipid bilayer or li-
posomes as membrane models to investigate their interactions with
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ties or the differences to explain the toxicity of the M8 amyloid.
We aimed to understand the effect of each protein towards yeast
plasma membrane, and then we chose to use mainly asolectin as
membrane model, in agreement with the principal lipid components
[52]. The calcein release experiments pointed out to the major per-
meabilization effect of the toxic amyloid on the membrane compare
to the non-toxic WT form. The role of membrane charge corroborated
the previous observations with monolayers [45]. A stronger effect is
observed with negatively charged liposome (DOPG) compared to
zwitterionic liposome (DOPC). The electrostatic interaction is the
driving force of protein–lipid interactions, as demonstrated previous-
ly for various amyloids [53,54]. The mature ﬁbers of both proteins
(WT or M8) were not able to permeabilize the liposomes (result not
shown), as it was also demonstrated for hIAPP [26] or α-synuclein
[55]. Valincius et al. [56] demonstrated that Aβ oligomers affect mem-
branes by bilayer insertion and domain formation, and then alter the
dielectric structure of the lipid bilayer in such a way, that it facilitates
charge translocation by a variety of perturbing conductance mecha-
nisms. Haque et al. [57] recently described the effect of α-synuclein
on the supported lipid bilayers. The adsorption and subsequent ag-
gregation of α-synuclein lead to the ﬂuid–ﬂuid phase separation of
the lipids and proteins preferentially adsorb to the phosphatidic
acid-rich regions. All these experiments focused on the role of this
toxic amyloid in the perturbation of the membrane, as segregation
of the lipid, which could lead to cell death. This is in complete agree-
ment with our results. In fact a strong difference was observed be-
tween the effect of the non-toxic PFD of HET-s amyloid, which
poorly perturbs the membrane and the toxic mutant M8, which be-
haves more as the Aβ oligomers or α-synuclein. The PWR data further
illuminated that the toxic M8 amyloid induces a large reorganization
of the lipids, with the appearance of two resonance peaks for the s-
polarization. Then, two hypotheses can be formulated: the M8 pro-
tein induces a segregation of the lipids, or interacts differently with
asolectin lipids leading to the formation of amyloid patches inside
the membrane, which we referred as “amyloid raft”.
Several studies clearly established the inﬂuence of amyloids on
membranes, affecting their integrity by various means such as deter-
gent, carpeting effects or pore formation. However, the molecular
mechanisms of interaction between toxic amyloids and membrane
remain unanswered. As amyloid proteins and lipids share an amphi-
pathic structure, the association of amyloid proteins with membrane
surfaces is mainly driven by electrostatic interactions between basic
side chains and anionic lipid headgroups. WT and M8 share this prop-
erty as already reported for cationic proteins such as Aβ. In our work
it is clear that the effect of WT or M8 on the membrane was only ob-
served with negatively charged (DOPG or asolectin) lipids and not
with zwitterionic lipids (as DOPC). ATR-FTIR spectroscopy reveals
the drastic perturbation (dehydration) of the phosphate group of
the negatively charged lipids interacting with the toxic amyloid
(M8), whereas in contact with non-toxic WT the shift is smaller lead-
ing to conclude to a deeper interaction with M8 than with WT. In
agreement with this, a large segregation of the lipid inside the asolec-
tin bilayer was observed in the presence of M8, probably related to
membrane disruption. This in vitro behavior is in agreement with
the in vivo experiments, which demonstrate that M8 interferes
strongly with vesicular trafﬁcking in yeast [44]. The segregation ob-
served in the presence of M8 is probably more related to the higher
hydropathicity of M8, than to the net charge (+1) that is similar to
WT (+1). The hydrophobic contact seems to be important in the in-
teraction of the toxic amyloid with membrane. A key point was that
the strong interaction induces no variation of the secondary structure
of the amyloid, M8 interacting with asolectin is organized in antipar-
allel β-sheet, only variation on the lipid organization was observed.
The membrane-permeabilizing species must be in the oligomeric
forms, since no interaction was detected in the presence of matureﬁbers. Glabe and co-workers already demonstrated that preformed
soluble oligomers, but not monomers or mature ﬁbrils of Aβ, IAPP,
clearly increased the general conductivity of model bilayers [27]. Sev-
eral permeabilization mechanisms have been proposed: carpet or de-
tergent effects or formations of pores, as described for antimicrobial
peptides. To enable a full understanding of the molecular basis of
the toxicity of amyloid, these mechanistic considerations must be de-
lineated. For our yeast toxic amyloid, no evidence for the formation of
pore was detected, and we conclude more to an effect of aggregation
of the M8 as a patch of proteins inside the membrane leading at the
end to the disruption of the membrane.
Our study not only revealed the role of phosphate groups in the
interaction between membrane and amyloids, but also clearly evi-
dences the catalytic effect on the ﬁbrillogenesis of the amyloid. In so-
lution, in the absence of membrane, WT follows a nucleation
polymerization pathway that is characterized by an initial lag phase
dominated by monomeric constituents followed by a conformational
shift from random to β-sheet structure to form ﬁbers [43]. In the
presence of membranes (LUVs of asolectin) the aggregation of the
WT is clearly promoted. The lag phase disappears and the formation
of the secondary structure is observed on the ﬁrst events (5 min
after the beginning of the ﬁbrillization process). Several possible
mechanisms by which membrane-surface binding can facilitate pro-
tein folding were described in the literature [58]. The ability of mem-
branes to induce regions of locally concentrated proteins has been
referred as “molecular crowding”. For the HET-s protein, no interme-
diates were observed [43]. The ﬁbril was assembled from the free na-
tive monomers and was elongated into a kind of template-assisted β-
sheet structure. In interaction with membrane, the WT is also orga-
nized in parallel β-sheet, as observed by spectroscopic methods. The
Cryo-TEM images lead to conclude that the membrane also induces
a ﬁbrillization of the non-toxic PFD of HET-s, without disruption of
the liposome. For toxic amyloid as hIAPP, a similar increase of the
ﬁbrillogenesis was observed in the presence of (DOPC/DOPS LUV)
but the ﬁbril growth on the membrane occurred concomitantly with
a forced change in membrane curvature [26].
Interestingly, our results show that highly similar sequences (86%
identical) can lead to completely different events. The ﬁbrillization of
the M8 is also increased in the presence of the negatively charged li-
posomes, however this aggregation provokes the perturbation of the
membrane. The cryo-TEM images show a large aggregation and most
probably related to liposome disruption. The secondary structure of
the M8 interaction with the membrane is similar to its structure in so-
lution. We already demonstrated that the signature of antiparallel β-
sheet could be a signature of toxicity [39]. In a similar idea, it was
established by ATR-FTIR that spherical toxic oligomers of Aβ(1–42),
Aβ(1–40) but also α-synuclein are organized in antiparallel β-sheet,
whereas non-toxic ﬁbrils are clearly different [59–61]. We now can
establish that this organization can lead to disruption of the mem-
brane, explaining the toxicity of the M8 mutant. Recently an in vivo
study pointed out the effect of M8 in the modiﬁcation of the vesicular
trafﬁcking in yeast. In the budding yeast, M8 expression leads to the
fragmentation of vacuolar compartment. The cells become also highly
sensible to metals and salts as expected for mutants affected in vesic-
ular trafﬁcking. The direct measure of incorporation of the lipophilic
dye FM4-64 (which reﬂects the endocytosis rate) could conﬁrm the
defaults in endocytosis and membrane trafﬁcking induced by the
M8 expression [44]. These defaults could be well explained by direct
interaction between M8 and cellular membranes. Interestingly, we
also established the membrane speciﬁcity of such effect since the fu-
sion–ﬁssion equilibrium of yeast mitochondria (which has a different
membrane composition) was not changed by M8 expression.
In summary, we ﬁrst demonstrate that the main driving force for
the fungus amyloids (PFD of HET-s) and membrane interaction is
based on electrostatic interactions with negatively charged phospho-
lipids. Secondly, the binding to membrane increases the processes of
2333H.P. Ta et al. / Biochimica et Biophysica Acta 1818 (2012) 2325–2334ﬁbrillization either for non-toxic (WT) or toxic (M8) amyloid. The
organization in parallel β-sheet for WT does not lead to a large mod-
iﬁcation of the membrane, whereas an organization in antiparallel β-
sheet, as for M8 amyloid carries out a large perturbation of mem-
brane inducing segregation (patch) and or disruption of the mem-
brane. The lipid phosphate groups are strongly dehydrated with
the interaction of the toxic amyloid, revealing the insertion of this
amyloid in the membrane.
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